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Introduction
The effect of roughness on wetting properties has a long history of investigation. The concept of the surface tension is central for wetting. It was introduced almost simultaneously in 1804-1805 by Thomas Young (1773 -1829 and by Pierre-Simon Laplace (1749-1827). Even before that, a similar concept was discussed by several organic oils; a new term 'omniphobicity' (the ability to repel both water and oil) was coined. It was realized that conventional parameters used for surface roughness characterization in tribology may not be appropriate for superhydrophobicity and new parameters are needed, such as the spacing factor suggested by Nosonovsky & Bhushan [16, 17] . In addition, it became clear that the hierarchical organization of the surface roughness shares common features with biological surfaces, thus making hierarchical organization relevant to various biomimetic applications [18] [19] [20] .
Furthermore, while the Wenzel and Cassie-Baxter models remain the standard in describing how roughness affects wetting, it has been realized that these simple models, which operate with only two parameters-the so-called Wenzel roughness factor (the ratio of the surface area to the projected area) and the fractional area of the solid-liquid interface-may be insufficient to describe the complexity of wetting scenarios. Nosonovsky & Bhushan [21] attempted to suggest roughness parameters relevant for wetting and superhydrophobicity.
Almost at the same time it was also realized that the CA may not be the only parameter which characterizes wetting or water adhesion to a solid. The discovery of the so-called 'rose petal effect' in about 2007 showed that a surface can be 'superhydrophobic' (in the sense of a high CA) simultaneously demonstrating high adhesion or affinity to the solid surface (in the sense of the adhesion force and so-called CA hysteresis). As a consequence of these findings, several modes of wetting have been suggested, as an extension of the traditional Wenzel and Cassie-Baxter states. Thus, we suggested nine possible wetting modes for two-tiered hierarchical surfaces [22] . Several additional effects beyond the traditional Wenzel and Cassie-Baxter models have been studied including the role of the disjoining pressure in the formation of thin water films covering roughness details [23, 24] .
The further development of the theory of the surface roughness relevant to the superhydrophobicity and phase control in general is related to the role of small periodic structures and curvature. Ramachandran et al. [25, 26] have suggested in a series of papers that a mathematical method of separation of motions, which has been used successfully for the study of small vibrations (periodic patterns in the time domain), could also be applied to periodic surface roughness in the space domain. The idea of this method is that when motion is composed of a large slow motion and fast small-amplitude vibrations superimposed on it, the latter can be substituted by an effective force or an additional term of the potential energy field. This term may affect the state of the equilibrium (for example, from an unstable equilibrium of an inverted pendulum to the stable equilibrium of an inverted pendulum on a vibrating foundation). It can also affect the phase equilibrium producing an effective freezing, dewetting and similar, thus leading to surface pattern-controlled phase transitions and vibration-controlled phase transitions. All this implies the nonlinearity of vibrations as well as the asymmetry of the roughness pattern combining convex sections with concave (re-entrant) ones [26] .
In this paper, we first discuss the effect of small spatial and temporal patterns on the phase equilibrium leading to the re-entrant topography and then recent advances in synthesizing surfaces with re-entrant topography.
Effect of surface patterns on wetting
The effect of surface pattern on wetting properties can be investigated by an averaging technique. It is easier to start the discussion of the effect of small patterns on wetting and related phenomena from considering the effect of small fast vibrations, which constitute patterns in the time domain. The simplest and best known example is the effect of fast vibration on the so-called Kapitza pendulum, which is a simple mathematical pendulum mass m on the rod with the length l) on the vibrating foundation. The frequency of vibrations of the foundation, ω, is much larger than the natural frequency of the pendulum, Ω = g/l , while the amplitude, a, is small in comparison with the length l. The inverted (upside down) equilibrium of the pendulum is normally unstable; however, when the frequency of the foundation exceeds a certain critical value, aω > 2gl, the equilibrium becomes stable [25] . When mathematical separation of motion is performed, the equation of motion of the pendulum on a vibrating foundation lφ − sin ϕ(g + aω 2 cos ωt) = 0 (2.1) becomes equivalent to the motion of a regular pendulum subjected to the stabilizing forcë
The term in the right-hand part of equation (2.2) is a result of averaging of the fast vibrations, which is the essence of the separation of motion method. For small deflections φ 1, the stabilizing force may be viewed as an effective spring force, kϕ, with the spring constant k = (aω/l) 2 /2. When the spring constant is greater than k > g/l or aω > 2gl , the inverted equilibrium becomes stable due to the stabilizing effect of the effective spring [26] . Mathematically, the method of separation of motion is related to the inertial manifolds [27] and the renormalization group [28] .The mathematical method is very powerful, and a similar approach can be applied to a dual or multiple pendulum, an elastic rod on a vibrating foundation, vibrolevitation of droplets, rising of non-Newtonian liquid figurines ('corn starch monsters'), vibro-jets, propulsion, granular flow and other situations where nonlinear vibrations exhibit hysteresis. In all these situations, fast small vibrations can be substituted by an effective force, which can change either stability or phase state [26] .
In the history of mechanics, many attempts have been made to establish the similarity between the time-domain equations and space-domain equations. One such famous result is the Kirchhoff analogy which is based on the similarity of the equations for the bending shape of a beam and the dynamics of motion of a rigid body. The differential equation for the bending of a beam with stiffness EI subjected to the axial load F for the slope ψ as a function of the distance s along the beam
is similar to that of oscillating mathematical pendulum of length l
Note that the spatial variable, s, in equation (2.3) corresponds to time variable t in equation (2.4) . Although bending of a beam is a boundary value problem, while motion of a pendulum is an initial value problem, an analogy exists between the motion of a pendulum and the shape of a bent elastic rod [26] . Ramachandran et al. [26] showed that a pattern on the surface profile of a rod affects the buckling stability of the rod similarly to how small fast vibrations affect the stability of the Kapitza pendulum. In other words, for the inverted pendulum, small fast vibrations of the foundation can be substituted by an affective stabilizing force. Similarly, for the elastic beam subjected to the axial load, small spatial periodic variations of the elastic properties (such as the beam's cross-section area) as a function of the length measured along the beam can affect the stability of the overall shape.
Two wetting-related concepts which can be studied in light of the effect of small vibrations or spatial patterns are the vibration-induced phase transitions and surface texture-induced phase transitions. Although phase transitions are much more complex physical phenomena than the destabilization of a 1 d.f. system, both share common features. The stability of a new phase state is governed by the stability of free energy profile and involves symmetry breaking somewhat similar to the destabilization of the inverted pendulum. For many continuum systems, small fast vibrations can result in the effective change of the phase state. This includes effective freezing of water droplets on a vibrating liquid surface, vibro-jamming of valves in a vibrating vessel, melting of granular material, changing of a rigid material into soft, and so on. In all these phenomena the nonlinearity or hysteresis of the vibration is involved. In special structures the asymmetry or hysteresis corresponds to asymmetric structures, in particular, those involving a combination of convex and concave (re-entrant) shapes.
The concept of surface texture-induced phase transitions has also been recently introduced by Marmur [29] , Jones et al. [30] and others, who showed that appropriate surface texturing can lead to stable air films on underwater surfaces resulting in underwater superhydrophobicity. Furthermore, surface texture affects the Leidenfrost effect (water droplets levitating over a hot surface due to the presence of an evaporating vapour film). A similar Leidenfrost-like selfpropulsion was also found in liquid marbles with alcohol water solution [31] . The value of the critical temperature at which such effect occurs can be lowered significantly when micro-textured superhydrophobic pattern is applied. In addition, the reverse phenomenon exists when patterned hydrophilic surfaces keep a liquid phase layer of water under conditions for boiling [30] . Ramachandran et al. [26] related these effects to the vibration-induced phase transitions, showing that the mechanism is essentially similar: a small pattern can be substituted by an effective term reducing the critical value of a control parameter responsible for the phase transition, such as the temperature.
Note that the superhydrophobicity itself can be viewed as surface texture-induced phase transition. Typically, a superhydrophobic surface implies the Cassie wetting state with pockets of air or vapour sitting in the cavities of the surface between the water droplet and the solid surface, as opposed to the Wenzel state with liquid water instead of the gaseous pockets (figure 1). Therefore, the Cassie-Wenzel 'wetting transition' can be viewed as a phase transition induced by the surface roughness.
The CA of a rough surface is related to that of a smooth surface in accordance with the Wenzel or Cassie-Baxter equation as cos θ rough = R f cos θ flat (Wenzel) (2.5) and cos
where R f is the Wenzel roughness factor (always R f ≥ 1) and f is a fraction of the solid surface wetted by liquid (always 0 ≤ f ≤ 1). These parameters are averaging quantities representing the effective interface energy of the solid and thus the Wenzel and Cassie-Baxter models can be interpreted as a substitution of small-amplitude surface roughness pattern with effective terms in the surface energy. It is noted, however, that simplistic Wenzel and Cassie-Baxter models operating with two parameters may be insufficient to describe the multitude of wetting scenarios. In the following section, we discuss two important roughness features which are not captured by these two standard models: hierarchical roughness and re-entrant surface topography.
Hierarchical roughness and re-entrant surface topography
In the preceding section, we have discussed the role of surface patterns in controlling the wetting properties and phase transition. In many cases, in particular, when plant leaves are studied, it is found that micropatterns possess hierarchical surface topography with nanoroughness imposed upon the microroughness. Such topography is typically re-entrant and it involves a combination of concave and convex segments. The actual lotus leaf has hierarchical topography with large (approx. 10 µm) papillae covered by wax crystals with a very rough surface having a typical submicrometre roughness scale. A superhydrophobic surface should have small CA hysteresis in addition to a large CA. It has been suggested that different levels of surface roughness can be responsible for the CA and its hysteresis, typically, with the larger structures affecting CA hysteresis, and nanoscale structures controlling the CA. For example, if a surface pattern is built of small holes upon larger scale grooves, the holes could trap air and promote large CA, whereas larger grooves are filled by water and thus prevent water sliding. The opposite situation is also possible, when small holes are wetted while larger ones hold air pockets [22, 32] .
In addition, in order to achieve low CA hysteresis the Cassie-Baxter wetting regime is usually required. However, under some circumstances an undesirable Cassie-Baxter to Wenzel wetting transition can occur. Such transitions could be caused by droplet vibration and other causes of droplets of different volumes deposited on the surfaces possessing controlled roughness. Bormashenko et al. [33] reported that for 2.5 µl droplets, the wetting transition occurred at the pressure of 200 Pa irrespective of nature of the substrate, which is close to the Laplace pressure of the droplet.
Nosonovsky [15] showed that a concave (re-entrant) surface formed by nanoscale roughness upon microscale asperities results in local energy minima and thus in metastable states of equilibrium pinning the water surface and stabilizing the Cassie-Baxter composite interface (figure 2). By contrast, a convex surface would result in energy maxima and, therefore, unstable states of equilibrium. A flat surface (i.e. a flat wall of a micro-asperity) results in a linear dependency of the net system energy as a function of the vertical position of the liquidair interface, thus providing no minima or maxima. The principle was further expanded by Nosonovsky & Bhushan [16, 17] , also see Nosonovsky & Bhushan [18] .
Whyman & Bormashenko [34] studied the stability of the Cassie-Baxter state for different shapes of roughness patterns calculating the potential barrier separating the Cassie-Baxter and Wenzel states which controls the wetting transition. These shapes can include spheres and spherical cavities, pillars with changing cross section (overturned cones) and with side facets (figure 3). For hydrophobic surfaces, the multiscale roughness increased the potential barrier for the wetting transition. More interestingly, even for inherently hydrophilic materials, the energy gain due to the wetting of a hydrophilic pore is overcompensated by the energy loss due to the growth of a water-air interface. This can lead to the apparent hydrophobicity of an inherently hydrophilic material when an appropriate pattern is introduced. Note that in all these examples the potential barriers to the Cassie-Baxter to Wenzel state transition are created due to widening of the gap between the posts while the liquid-air front propagates. This increases the liquid-air interface area and, therefore, the net energy term proportional to the liquid-air interfacial area times the surface tension of the liquid. Surfaces with re-entrant topography are of particular importance for the development of superoleophobic surfaces, capable to repel not only water, but organic liquids such as oils. This is a particularly challenging task because organic liquids are non-polar and they typically have low surface tension in comparison to that of water consisting of polar H 2 O molecules. Thus, for liquid hydrocarbons the typical values of the surface energy at room temperature vary between 18 mN m −1 (n-hexane, C 6 H 14 ) and 27 mN m −1 (n-hexadecane, C 16 H 34 ). This is much smaller than 72 mN m −1 for water.
The CA is given by the Young equation
where γ SL , γ SA and γ LA are interfacial energies (surface tensions) for the solid-liquid, solid-air (or vapour) and liquid-air (or vapour) interfaces at equilibrium. It has been argued [35, 36] that the CA on a smooth surface cannot exceed certain maximum values. Since the value of the interfacial energies tensions γ SL and γ SA are limited for known materials and chemical groups, Young's equation essentially limits the CA of water (γ LA = 72 mN m −1 ) with a smooth solid surface by a maximum value close to 119 • for closest hexagonal packed −CF 3 groups of n-perfluoroeicosane, which is believed to have the lowest surface free energy. Nishino et al. [36] used the model of Owens & Wendt [37] which states (under a number of assumptions) that surface energy of a solid consists of the dispersion and polar components, which are additive: 
According to Nishino et al. [36] , the surface energy provided by hexagonally packed −CF 3 groups is the lowest possible, and it is given by γ d SA = 5. LA is small and the value of the surface tension is also small (e.g. γ LA = 27.5 mN m −1 for hexadecane). Furthermore, the values of γ SL are also small for most non-polar liquids. Although from Neumann's triangle, γ SL < γ LA − γ SA [6] , for most non-polar liquids, γ SL is several times smaller than γ LA . Nishino et al. [36] For most liquids with low surface tension, γ SA > γ SL , because the dispersion component dominates over the polar component, and uncompensated energy of the atoms of solid at the solid-liquid interface is partially compensated by the energy of the atoms of the liquid when the solid-liquid interface is formed. In certain cases even the so-called Antonov's rule holds: γ SL = γ SA − γ LA [6] . As a result, the CA cannot exceed even 90 • making it impossible to enhance wetting in the Wenzel regime. This is because according to the Wenzel equation the CAs of a rough and a smooth surface of the same material are related as cos θ rough = R f cos θ flat (with the roughness factor R f ≥ 1), and if θ flat < 90 • , then it is always θ rough < 90 • . Therefore, the CassieBaxter state of partial wetting is needed. However, for θ flat < 90 • the Cassie-Baxter state is often unstable, since it is energetically profitable for liquid to fill the cavities. The stability can be achieved by employing a re-entrant topography which is, therefore, an imperative for robust oleophobicity.
A dual (or 'doubly') re-entrant structure (figure 4) is more robust in stabilizing the CassieBaxter state. The surface with this structure showed CAs above 150 • even for liquids with extremely low surface tension such as perfluorohexane (C 6 F 14 ) which has the lowest known liquid-air surface tension of γ LA = 10 mN m −1 [38, 39] .
Implementations of re-entrant oleophobic surfaces
Numerous attempts to develop superoleophobic surfaces have been made in recent years. Note that, unlike with the superhydrophobicity, there is no single definition of superoleophobicity, because different liquids can be used. For liquids with lower surface tension it is more difficult to provide a repellent surface. Standard test liquids which are commonly used are ethylene glycol (γ LA = 47 mN m −1 ) and hexadecane (γ LA = 27.05 mN m −1 ). A separate area of research is 'underwater oleophobicity' which deals with a solid-oil-water, rather than with a solid-oil-air system, although in some cases four phases can be present (figure 5). Underwater oleophobicity is used for self-cleaning and antifouling in the water industry [40] . Superhydrophobic/oleophilic and superhydrophilic/oleophobic meshes are also used for oil-water separation. It is generally easier to achieve underwater oleophobicity than oleophobicity in air [41] .
Mimicking living nature is often considered an inspiration for artificial non-adhesive surfaces, with the lotus effect as the best known example. However, there are few natural oleophobic surfaces with re-entrant topography. The only known exceptions are certain species of leafhopper (they have high CA with diiodomethane and ethylene glycol, [42] ) and springtails having a plastron layer formed around their body when they are immersed in olive oil [43] . Therefore, non-biomimetic approaches are needed [39] . repellence and the ability to resist even low surface energy liquids that would completely wet a typical superhydrophobic surface.
Re-entrant topography should be combined with low surface energy materials. Typically, fluorinated materials are used for that. The most famous 'non-sticky' material is Teflon, a derivative of polytetrafluoroethylene. However, there is a drawback in using hydrophobic coatings. Because of their low surface energy, it is difficult to attach a fluorinated coating to the substrate, which limits the durability of such coatings. Nanoparticles are often used to increase surface roughness and to facilitate adhesion of fluorinated coatings; however, the nanoparticles often have low mechanical durability. More sophisticated approaches include fluorosilane/fluorothiol layers which require surface activation with UV or plasma for silanes or specific substrates (e.g. copper, silver) for thiols, fluorosurfactant layers which repel oils but attract water for oil-water separation and requires specific surface chemistry for bonding, and simultaneous surface texturing and fluorination with fluoroplasma, which is, however, difficult to scale [39] .
The implementation methods of superoleophobic surfaces have already been reviewed by Brown & Bhushan [39] . The most common approach involves fluorinated polymer coatings combined with nanoparticles to increase surface roughness. For example, perfluoroalkyl methacrylic copolymer combined with TiO 2 nanoparticles was used by Hsieh et al. [46] to obtain high CAs for water and ethylene glycol. Other fluoropolymer-based methods could include electrodeposited conductive polymers [47] , ZnO nanoparticles [48] , polydimethylsiloxane (PDMS) trapezoidal structures [49] , silica particles [50] , carbon nanofibres [51] , polymer nanohairs [52] , silica-modified fabrics [53] , raspberry-shaped particles [54] , etched Al nanorods [55] and electrospun copolymers [56] . Fluoropolymers have also been spray-cast with fluorinated silica particles resulting in good repellence towards water, diiodomethane, rapeseed oil and hexadecane [57] . Two problems typical in these coatings are the durability and the difficulty to achieve the necessary roughness from the polymer alone. To overcome the latter difficulty, a fluoropolymer can be deposited on a micro/nanopatterned substrate; however, a thick coating can suppress surface profile pattern [39] .
Other methods include self-assembled layers of fluorosilanes. The fluorinated silsesquioxane has also been combined with electrospun PDMS on a steel mesh to provide repellence against a wide range of liquids including solvents able to dissolve PDMS [39] . Brown & Bhushan [39] also synthesized superhydrophilic/superoleophobic coatings with a layered technique by swapping the fluorosilane for a fluorosurfactant. The coating displayed oil CAs of greater than 150 • .
In a different study, Brown & Bhushan [58] synthesized re-entrant structures which are capable of having superoleophobic properties using a solvent-induced phase transformation (swelling and subsequent crystallization of the polymer) to entrap nanoparticles. For that purpose, the polycarbonate (PC) surfaces were first treated with an acetone-nanoparticle mixture. As a result of such treatment, nanoparticles were incorporated into the polymer during swelling, so that the subsequent polymer crystallization was directed. When polymer-nanoparticle composite surfaces were synthesized in this manner, the re-entrant surface topography was achieved. This is because the nanoparticle agglomerates were impregnated into the surface and near-surface region of the polymer. Nanoparticles incorporated deeper into the polymer would have a less significant effect on the surface topography [58] . igure 6. Scanning electron microscopy images of the PC-nanoparticle composite surface displaying re-entrant geometry. This re-entrant surface, once fluorinated, was found to be repellent towards both hexadecane and water [58] . (Online version in colour.)
Untreated flat PC was slightly hydrophilic with water CAs of 76 ± 1 • . After immersion in acetone for 5 min followed by drying in air, crystallization of the polymer took place. It is known that the crystallinity increases after acetone treatment [59] . This is because the polycarbonate undergoes a solvent-induced phase transformation leading to a hierarchical structure of crystalline nanostructures atop micrometre-sized mounds. Such transformation results in the surface roughness which is sufficient to create a superhydrophobic surface by trapping air and thus create a Cassie-Baxter state interface. The CA with water droplets was 158 ± 1 • with low tilt angles. However, such a superhydrophobic surface was still oleophilic, with hexadecane fully wetting the surface due to low CAs for hexadecane on flat acetone-treated polycarbonate (CA of 12 • ). After the surface was activated by UV irradiation and fluorinated using silane attachment, the CA of hexadecane increased significantly to 76 ± 2 • for the flat surface and 100 ± 2 • for the acetone-treated surface. This angle was still low due to the low surface tension of hexadecane being unable to form a composite interface on the hierarchical structure of the acetone-treated polycarbonate.
In order to make their material truly superoleophobic, Brown & Bhushan [58] added reentrant topography. To accomplish this, nanoparticles were added to the acetone solvent during the solvent-induced phase transformation of polycarbonate. The PC samples were placed in the acetone-nanoparticle mixture for 5 min and then air-dried. The resulting surface was dramatically different from that of the acetone-treated PC. Instead of a consistent coverage of nanostructures atop micrometre mounds, the nanotexturing was limited to discrete micrometre-sized spherulites. This is believed to be due to the presence of the nanoparticle agglomerates, which were incorporated into the surface and near-surface during polymer swelling and act as nucleation sites for polycarbonate crystallization during evaporation of the solvent [60] . The result was the re-entrant hierarchical structures (figure 6), and the surfaces demonstrated self-cleaning, wearresistant and anti-smudge properties. Untreated flat PC had water CA of 76 ± 2 • and 12 ± 2 • with hexadecane, C 16 H 34 (γ LA = 27.05 mN m −1 ), while fluorosilane treated PC-nanoparticle composite surface has water CA of 165 ± 2 • and hexadecane CA of 154 ± 2 • with low tilt angles [58] .
The advances in the design and synthesis of oleophobic and omniphobic surfaces in the past several years indicate that new development in this area will be related to the ability to robustly create micro/nanostructure surfaces with re-entrant and double re-entrant topography with double overhang allowing effective zero surface tension topography.
Conclusion
Surface macropatterns can significantly change wetting properties of many materials. Mathematically, a small-amplitude surface roughness pattern can be substituted with an effective energy term acting upon a smooth surface. For example, a roughness factor leading to an effective interfacial energy (in the case of the Wenzel wetting regime of a rough surface) or partial wetting area (in the case of the Cassie-Baxter wetting regime) represent such averaged effective parameters. However, in addition to the averaged parameters, other characteristics of a surface profile affect wetting. The curvature of the roughness details is one such very significant parameter, since it can enhance the stability of the Cassie-Baxter wetting state which is often crucial for liquid repellence.
The re-entrant (concave) topography is particularly significant for the oleophobicity involving the resistance to wetting by low interfacial energy liquids, such as non-polar organic oils and hydrocarbons. The Wenzel state cannot enhance liquid repellence for such materials, while the Cassie-Baxter state tends to be unstable. Therefore, re-entrant surface topography becomes crucial for the oleophobicity, since it is capable of pinning the liquid-air interface stabilizing the Cassie-Baxter state. The double re-entrant topography can further enhance the stabilizing effect even for extremely low surface tension liquids.
These observations contribute to further understanding of the variety of wetting regime scenarios beyond the simplistic Wenzel and Cassie-Baxter models and lead to practical applications involving oleophobic surfaces. There are numerous technical issues to overcome for one who wants to create such an oleophobic surface. Thus, we discussed a successful method to synthesize durable oleophobic coatings with re-entrant topography using a fluorosilane-coated polycarbonate-nanoparticle surface, which showed CA of 154 ± 2 • with low surface tension liquid hexadecane. Future technology for oleophobic surfaces is likely to employ a re-entrant or double re-entrant surface. The search of new, more robust and more effective ways of creating such surfaces through self-assembly and other methods is, therefore, a very important task.
